Abstract. We present implicit large-eddy simulations (LES) to study the primary breakup of cavitating liquid jets. The considered configuration, which consists of a rectangular nozzle geometry, adopts the setup of a reference experiment for validation. The setup is a generic reproduction of a scaled-up automotive fuel injector. Modelling of all components (i.e. gas, liquid, and vapor) is based on a barotropic two-fluid two-phase model and employs a homogenous mixture approach. The cavitating liquid model assumes thermodynamicequilibrium. Compressibility of all phases is considered in order to capture pressure wave dynamics of collapse events. Since development of cavitation significantly affects jet break-up characteristics, we study three different operating points. We identify three main mechanisms which induce primary jet break-up: amplification of turbulent fluctuations, gas entrainment, and collapse events near the liquid-gas interface.
Introduction
Modern fuel injection systems play a key role for the optimization of the air-fuel mixing process in the combustion chamber. This is a key requirement for a more efficient combustion process in order to meet future emission standards. Recent developments aim towards increasing injection rail pressures, which enhances the jet break-up and mixing and hence improves the combustion. Higher flow acceleration goes hand in hand with thermo-hydrodynamic effects, such as cavitation, which occurs when the pressure locally drops below saturation conditions. The collapse of vapor pockets in regions of higher pressure causes strong shock-waves and highvelocity liquid jets directed towards the wall surface. This can generate high local stresses inside the surrounding structure. Loads induced by such phenomena are employed to clean nozzles from surface deposits, and can promote primary jet break-up. Also, cavitation can lead to choked conditions in a duct and hence maintains a mass flow rate independent of the pressure-drop. However, collapse events may cause material erosion and failure of the component.
A particular challenge in the context of injection of liquid jets into a combustion chamber is the mutual interaction of cavitating liquids and non-condensable gas. Sou et al [1, 2] assume that primary break-up of liquid jets is promoted by enhanced turbulent fluctuations caused by collapse events of cavitation structures near the nozzle outlet.
In this work we apply a simple, closed-form barotropic two-fluid cavitation model including a non-condensable gas component proposed byÖrley et al [3] . The thermodynamic model is an extension to our compressible framework for performing implicit large-eddy simulation of turbulent, cavitating flows of Egerer et al [4] . The model is used to simulate an experimental reference configuration of Sou et al [1, 2] of a cavitating water jet injected into air.
Thermodynamic model
The fluid consists of the three phases: liquid water (W ), water-vapor-mixture (M ) and noncondensable gas (G). The volume averaged density ρ inside a computational cell is
where β Φ denotes the volume fraction and ρ Φ the mean density of phase Φ. For a detailed description of the thermodynamic model refer toÖrley et al [3] . The actual vapor-liquid interface of cavitation structures is not reconstructed with subcell resolution. Surface tension thus is neglected. The cavitation model has been extensively validated for LES of turbulent wall-bounded flows by Egerer et al [4] and Hickel et al [5] . By using corresponding thermodynamic closure relations for each phase in Eqn. (1), the equation of state can be formulated in a suitable way to solve for the cell-averaged pressure p = p(ρ).
Liquid water and liquid-vapor mixtures are modelled as barotropic mixture fluid. Integration of the isentropic speed of sound leads to
where p s is the saturation pressure and ρ s,liq is the saturation density for liquid water. The formation of vapor is modelled by a homogenous mixture model. For purely liquid water, i.e. p > p s , the speed of sound is c = c liq = 1482.35 m/s at ambient conditions. Comparison to more accurate models, such as the Tait equation, shows negligible deviation for pressures up to 200 bar. For liquid-vapor mixtures, i.e. p < p s , the same equation of state is used, but a different speed of sound is employed. Here, we consider an average of the speed of sound between a frozen and an equilibrium isentropic phase change in the two-phase region. We use a numerical value of c = c M = 1 m/s, which corresponds to a conservative upper limit. The non-condensible gas phase is modelled as an ideal, isothermal gas at reference temperature
Numerical Method
We employ an implicit LES approach based on the Adaptive Local Deconvolution Method (ALDM) by Adams et al [6] and Hickel et al [7, 8] . In contrast to explicit SGS models, implicit LES merges turbulence modelling and numerical discretization. ALDM is a nonlinear finite volume method and incorporates free parameters that control the implicit SGS model. An SGS model that is consistent with turbulence theory is obtained through parameter calibration [7] . The compressible version of ALDM [8] can capture shock waves while smooth pressure waves and turbulence are propagated without excessive numerical dissipation. More details on the validation of ALDM for cavitating flows are discussed by Egerer et al [4] .
Setup
We adopt the setup presented by Sou et al [1, 2] , see Fig. 1 , who experimentally investigated different flow regimes in a nozzle flow. We conduct LES for a set of cavitation numbers that lead to different cavitation characteristics: Case 1: σ = 1.27 -no cavitation inside the nozzle; Case 2: σ = 0.78 -developing cavitation; and Case 3: σ = 0.65 -supercavitation. The domain is discretized on a Cartesian mesh with grid sequencing and 43 × 10 6 cells on the finest level. The smallest cell size has a dimension of 3.91µm, which imposes a time step size of ∆t = 7.92 × 10 −10 s based on the CFL condition. Local grid refinement is applied at the nozzle wall and in the outflow region. A laminar duct flow profile is prescribed at the inlet to meet the specific cavitation number. The outflow region is initially filled with gas. Figure 2 shows transmitted light images of instantaneous vapor structures observed in the experiment in comparison to our LES data. Cases 1 and 2 compare well, whereas the numerical results for case 3 show vapor generation inside large vortical structures in the nozzle center. Turbulent structures inside the duct as iso-surfaces of the λ 2 -criterion coloured by axial velocity, together with cavitation structures as iso-surfaces of the vapor volume fraction α and wall pressure are visualized in Fig. 3 . Turbulence is damped in regions of high vapor content. [2] , with permission from Elsevier) and LES snapshots of x-y view (middle row) and x-z view (bottom row) showing iso-surfaces of gas volume fraction β G = 0.99 in the range 16 mm < x < 32 mm (adopted fromÖrley et al [3] ) for σ = 1.27, σ = 0.78, and σ = 0.65 (left to right).
Results
Stable, cavitating corner vortices are observed for low cavitation numbers.
Finally, the effect of the cavitating nozzle flow on primary liquid jet break-up inside the gas domain is shown in Fig. 4 . For cavitation numbers σ = {1.27, 0.78}, see Fig. 4(a/b) , the jet structure in the experiment is similar. For σ = 0.65, Fig. 4(c) , in contrast, spray formation is observed. Small droplets and ligaments of liquid detach from the surface and cause an increased jet angle. Our numerical results, see Fig. 4 (d/e/f), show only little effect of the cavitation number on the jet angle in the x-y plane. In contrast, significant differences between the higher cavitation numbers σ = {1.27, 0.78}, and the low cavitation number σ = 0.65 are found in the x-z plane, see Fig. 4 (g/h/i). Here, we clearly notice a widening of the jet and a detachment of liquid structures from its surface, which closely resembles the observations in the experiments.
From an analysis of the transient data we identified three main mechanisms that lead to distortions of the jet surface and, ultimately, to a widening and break-up of the jet. First, turbulent fluctuations, which are induced by collapse events in the proximity of the exit plane of the nozzle, add to the momentum in wall-normal direction. This observation confirms the hypothesis of Sou et al [2] . Second, low pressure vapor regions near the nozzle exit and the gas filled plenum form a pressure gradient, which enables entrainment of gas from the outlet region into the nozzle. When the gas is being ejected back out, the water is accelerated towards the side walls and creates large scale bulges of liquid. Third, collapse events of cavitation structures inside the jet near the liquid-gas interface induce high velocity liquid jets directed towards the interface. This effect resembles the findings of Kobel et al [9] , and causes small, needle-like structures of liquid in our simulation. A detailed discussion is provided inÖrley et al [3] .
